This paper presents a model for the prediction of the apparent fracture toughness of ferriticpearlitic steels in notched conditions and operating at temperatures corresponding to their ductile-to-brittle transition zone. The model, here named the Notch-Master Curve, is based on the combination of the Master Curve of the material in cracked conditions and the notch corrections provided by the Theory of Critical Distances. In order to validate the model, the fracture resistance results obtained in 168 tests performed on CT specimens (84 for each material) are presented. These tests were carried out, for each material, in specimens with six different notch radii, from 0 mm up to 2.0 mm, and at three different temperatures within their corresponding ductile-to-brittle transition zone. It has been observed that the model provides good predictions of the fracture resistance in notched conditions for the two materials analysed.
INTRODUCTION
In many situations, the load-bearing capacity of a structural component is conditioned by the existence of stress risers. These may have very different natures: cracks, notches, holes, welded joints, corners, etc, all of them having different approaches when the corresponding structural integrity is being analysed. This paper is focused on notch-type defects, which may appear in structural components due to design details (e.g., holes), mechanical damage (e.g., gouges), corrosion defects or fabrication defects. If such defects are blunt, it is overly conservative to proceed on the assumption that the defects behave like sharp cracks, coupled with the use of ordinary Fracture Mechanics. Such assumption may lead to unnecessary repairs or replacements, or to oversizing. Components with non-sharp defects or notches exhibit an apparent fracture toughness that is greater than that obtained in cracked components because of the lower stresses acting at the notch tip and the evolution of fracture micromechanisms, as shown in [1] [2] [3] [4] [5] . This generally has direct consequences on the load-bearing capacity of the component and also on the corresponding structural integrity assessments.
In this sense, recent years have seen a great deal of research aimed at providing a notch theory capable of predicting the fracture behavior of notched components, proposing two main failure criteria (e.g., [6, 7] ): the global fracture criteria and the local fracture criteria. Although both approaches are unquestionably significant from a scientific point of view, the local fracture criteria have more practical applications, especially those based on the Theory of Critical Distances (TCD) [8, 9] .
At the same time, it is known that the fracture resistance in cracked conditions of ferriticpearlitic steels presents a clear dependence on the working temperature, with brittle behaviour at low temperatures (generally referred to as the lower shelf, LS), ductile behaviour at high temperatures (upper shelf, US) and transition behaviour between the lower shelf and the upper shelf (ductile-to-brittle transition zone, DBTZ). Figure 1 represents a schematic of this type of behaviour. The DBTZ of ferritic-pearlitic steels in cracked conditions has been successfully modelled through de Master Curve (MC) [10] [11] [12] [13] [14] , which is nowadays a fundamental tool in the design and in-service assessment of critical structural components (e.g., nuclear pressure vessels). However, to the knowledge of the authors the analysis of this temperature dependence has not been previously reported in the literature when dealing with ferritic-pearlitic materials in notched conditions. With all this, this paper presents a model for the fracture behaviour of ferritic-pearlitic steels in notched conditions and operating within the material DBTZ. The model is based on the above mentioned MC and the notch corrections provided by the TCD. With this purpose, Section 2 gathers some theoretical background on both the TCD and the MC and presents the proposed model, here named the Notch-Master Curve (NMC), Section 3 describes the experimental programme that is used here to validate the model, and Section 4 presents the corresponding validation, which is performed by comparison between the experimental results and the NMC predictions. Finally, Section 5 gathers the conclusions.
THEORETICAL BACKGROUND AND THE NOTCH-MASTER CURVE

The Theory of Critical Distances
The Theory of Critical Distances (TCD) is in reality a group of methodologies with a common aspect: they all consider a characteristic material length parameter (the critical distance, L) when performing fracture assessments [8, 9] . The critical distance is defined as follows:
where K c is the material fracture toughness and σ 0 is a strength parameter, named the inherent strength, which is usually larger than the ultimate tensile strength (σ u ) and must be calibrated. The inherent strength and the ultimate tensile strength are equal only in those situations where the fracture is brittle at both the macro and the micro scales (e.g., fracture of ceramics).
The origins of the TCD date from the middle of the twentieth century, with the works of Neuber [15] and Peterson [16] , but it has been in this century that this theory has been comprehensively analysed, establishing its applicability to different types of materials (i.e., metals, ceramics, polymers and composites), processes (fracture and fatigue) and conditions (e.g., linear-elastic vs. elastoplastic) (e.g., [1, 2, [17] [18] [19] [20] [21] [22] [23] ). A complete review, description and analysis of the fundamentals, the applications and the limitations of the TCD may be found in [8] .
Here, suffice it to say that among the different methodologies composing the TCD two of them are particularly simple and interesting from an engineering point of view, the Point Method (PM) and the Line Method (LM) [8] :
-The PM establishes that fracture occurs when the stress reaches the inherent strength (σ 0 ) at a distance from the defect tip equal to L/2:
-The LM assumes that fracture occurs when the average stress along a distance equal to 2L (starting from the defect tip), reaches the inherent strength, σ 0 :
The predictions provided by the LM are slightly different from those provided by the PM [8] , but both methodologies provide results which are reasonably similar to the experimental ones (e.g., [1, 2, 8] )
Furthermore, the PM and the LM provide expressions [8] for the apparent fracture toughness (K N mat ) exhibited by notched components. Firstly, it is necessary to consider the stress distribution on the notch tip provided by Creager and Paris [24] , which is equal to that ahead of the crack tip but displaced a distance equal to ρ/2 along the x-axis:
Secondly, in case of using the PM, and considering both the definition of the critical distance L (equation (1) ) and the corresponding fracture condition (equation (2)), and establishing that failure takes place when K I is equal to K N mat , equation (5) may be easily obtained:
Analogously, the application of the LM provides equation (6) , which provides a particularly simple estimation of the apparent fracture toughness:
These expressions, which provide similar results, may be used in the structural integrity assessment of notched components, as shown in [25] .
The Master Curve
The Master Curve (MC) [10] [11] [12] [13] [14] constitutes a fracture characterisation tool for a wide variety of steels, mainly those of a ferritic nature, within their ductile-to-brittle transition zone (DBTZ). It is based on statistical considerations, related to the distribution of cleavage promoting particles around the crack tip. At the end, fracture is controlled by weakest link statistics and follows a three parameter Weibull distribution. Thus, within the scope of small-scale yielding conditions, the cumulative failure probability (P f ) on which the MC is based follows equation (7):
where K Jc is the fracture toughness for the selected failure probability (P f ), K 0 is a scale parameter located at the 63.2 % cumulative failure probability level, B is the specimen thickness and B 0 is the reference specimen thickness assumed in this methodology (B 0 = 25 mm). K min and b take the same values for all ferrritic steels and have been experimentally fitted, providing 20 MPam 1/2 and 4 respectively. In any case, it can be observed that the fracture characterization within the DBTZ is performed by using K Jc , which is an elastic-plastic equivalent stress intensity factor derived from the J-integral at the point of onset of cleavage fracture, J c .
The dependence of K 0 on temperature under cleavage fracture conditions follows equation (8) [ [10] [11] [12] 26] :
where T 0 is the reference temperature, which corresponds to the temperature where the median fracture toughness for a 25 mm thick specimen is 100 MPam 1/2 . Therefore, the only parameter required to determine the temperature dependence of K Jc is the material reference temperature. Moreover, whichever the ferritic steel is, and once the corresponding T 0 is known, it is possible to define the MC for any probability of failure (P f ):
Thus, in 25 mm thick specimens, the curves associated to probabilities of failure of 95%, 50% and 5% are, respectively, those gathered in equations (10), (11) and (12) The experimental and analytical procedure that allows T 0 to be determined is gathered in [14] . The transcendence of this engineering tool is enormous, given that it allows all kind of ferritic steels to be characterised within their corresponding DBTZ using a single parameter, T 0 , whose determination is completely standardised.
The Notch-Master Curve
Once both the TCD and the MC fundamentals have been outlined, this paper proposes to combine them in order to provide an apparent fracture toughness estimation of ferritic steels operating in the DBTZ. The assumptions are the following:
-The reference temperature, T 0 , on which the MC is based, is a material constant regardless of the type of defect being analysed. Therefore this parameter has full validity in notched conditions.
-The notch corrections provided by the TCD (e.g., PM and LM) generate similar estimations of the apparent fracture toughness. This has been widely reported in [1] [2] [3] 8] .
For the sake of simplicity, the notch correction provided by the LM will be used here (equation (6)), but the expressions shown below would be totally analogous in case of using any other methodology included within the TCD (e.g., equation (5), provided by the PM).
-Although the TCD has a linear-elastic nature, it generates good predictions of apparent fracture toughness and load bearing capacity under (limited) elastic-plastic conditions, such as those existing within the DBTZ, provided the calibration of the TCD parameters is conveniently performed. A comprehensive example of this circumstance may be found in [21] .
With all this, the expressions of the Notch-Master Curve (NMC) proposed here are straightforward. These would be equations (13), (14) and (15) 
Analogous expressions could be easily derived for any other probability of failure (P f ) by combining equation (9) with the LM notch correction.
Therefore, in order to define the NMC for a particular steel, it is necessary to determine T 0 , which is obtained by testing cracked specimens following [14] , and the value of L all along the DBTZ. This tool provides estimations of the apparent fracture toughness of ferritic steels containing notch-type defects and operating within the material DBTZ.
EXPERIMENTAL PROCEDURES
The experimental program is composed of 168 CT notched specimens, 25 mm thick, made of two different materials: steel S275JR and steel S355J2, both being ferritc-pearlitic steels. The specimens, LT oriented, were obtained from a 25 mm thick rolled plate. The notch radii being analysed are 0 mm (crack-type defect), 0.15 mm, 0.25 mm, 0.5 mm, 1.0 mm and 2.0 mm. The specimens were tested at temperatures belonging the DBTZ. Steel S275JR, whose reference temperature is -26ºC [4] , was tested at -50ºC (24 specimens, four per notch radius), -30ºC (24 specimens) and -10ºC (36 specimens, six per notch radius), whereas steel S355J2, whose reference temperature is -133ºC [4] , was tested at -150ºC (24 specimens), -120ºC (24 specimens) and -100ºC (36 specimens). Table 1 gathers the tensile properties of the two materials at the different temperatures of interest. The tests were performed following [27] . Tables 2 and 3 gather the whole experimental program, and show the material, the geometry, the testing temperature and the apparent fracture toughness result of every single tested CT specimen. It can be seen that 8 of the tests do not have any result, given that the experimental procedure was not valid in those cases. The apparent fracture toughness (K N mat ) obtained on each individual test has been determined following the procedure specified in [14] for the determination of K Jc in cracked specimens. Therefore: (16) where J N mat is the apparent J-integral at onset of cleavage fracture, E is the Young´s modulus and υ is the Poisson´s ratio [14] : 
where J N e and J N p are, respectively, the elastic and plastic components of J N mat , η is a dimensionless constant, A p is the plastic area under the load-displacement curve, b 0 is the initial remaining ligament, B the specimen thickness and K N e is the apparent elastic stress intensity factor at instability [14] : (18) P is the applied load at onset of cleavage fracture, W the specimen width and a the defect length. Figures 2 and 3 show two examples of the types of curves obtained in the tests.
RESULTS AND DISCUSSION
This section presents the validation of the NMC predictions (equations (13) to (15)), by their comparison to the experimental results gathered in Section 3 (equation (16)).
In order to apply equations (13) to (15) , it is necessary to determine the critical distance. This may be performed by a combination of experimental work covering different notch radii (at least two different radii) and finite elements modelling, or by fitting experimental results also covering different notch radii (here, more than two radii are required) (e.g., [1] [2] [3] 8] . This paper calibrates L using the second approach: Figures 4 and 5 show the L values, one per temperature, providing the best fit of the LM (equation (6)) to the experimental data. The values obtained are shown in Table 4 . Figure 6 shows the values of L for both steels, and the corresponding second order fitting equations. These are equations (19) and (20) for steels S275JR and S355J2, respectively:
Equation (19) (in case of steel S275JR) and equation (20) (steel S355J2) may be introduced in equations (13) to (15) to provide apparent fracture toughness estimations. Moreover, although for each material there are differences between the three values of L obtained at the different temperatures, they all have the same order of magnitude and the effect of using one or another is mitigated by the fact that L is squared in the different expressions considering the notch effect. Thus, for the sake of simplicity, a constant value of L (the average value) is also considered (0.0064 mm for steel S275JR and 0.0136 mm for steel S355J2). With all this, figures 7 to 10 show the corresponding predictions of the NMC and their comparison with the experimental results.
Concerning steel S275JR (figures 7 and 8), these are the main observations:
-It can be observed that the MC (and the NMC) provides good predictions for cracked specimens. -In case of specimens containing 0.15 mm notch radii, the predictions provided by the NMC are conservative, regardless of the L being used (equation (19) or average value). This is caused by the fitting process of the K N mat results provided by the TCD in Figure  4 , where the predictions for 0.15 mm notch radii are much lower than the experimental results. This has direct consequences on the NMC predictions. -For notch radii from 0.25 mm up to 2.0 mm, the predictions are reasonably good, again, regardless of the L being used. In some cases (notch radii of 0.50 mm and 2.0 mm) the predictions obtained when using equation (19) are slightly better than those obtained when using the average value of L; in other cases (notch radii of 0.25 mm and 1.0 mm), the average value provides better predictions. -The predictions are good even in those cases with significant plasticity (e.g., 2.0 mm notch radius at higher temperatures), when the scope of both the TCD and the MC is theoretically exceeded.
-The shape of the NMC obtained when using equation (19) is similar to that obtained when considering the average value of L (see Figure 11 ). For low temperatures (-50ºC) within the temperature range considered, the average value provides more conservative predictions; for intermediate temperatures (-30 ºC), both approaches provide basically identical results, and; for higher temperatures (-10ºC), the average value provides greater predictions of the apparent fracture toughness. Figure 6a justifies this observation.
Thus, for steel S275JR, the NMC generally provides good predictions of the apparent fracture toughness within the material DBTZ. Such predictions are mostly located between the curves associated to probabilities of failure of 5% and 95%. Moreover, when the experimental results are not located between such lines, they are generally located above the curve associated to a 95% probability of failure, which means that the NMC predictions are conservative. Finally, there are very few experimental results below the 5% curve (2 when using equation (19) and 1 when using the average value of L), so non-conservative situations are very limited.
Concerning steel S355J2, some observations can also be highlighted:
-The MC provides good predictions in cracked specimens, although there is one experimental result located slightly below the 5% line (at -150 ºC), and another experimental result located slightly above the 95% line (at -120 ºC). -The results are reasonable for 0.15 mm notch radii, although there is one experimental result clearly located below the 5% line (unsafe predictions of MC). This fact is justified by the fitting process of the K N mat results performed by using the TCD ( Figure  5c ). Moreover, the average value of L provides better results than the value obtained by using equation (20) . -The predictions are also reasonable for notch radii from 0.25 mm up to 2.0 mm, although there are several unsafe predictions at -150 ºC. Again, the justification to this observation in in Figure 5c ): the high scatter obtained at this temperature means that the best fit curve provided by the TCD leaves some results well below. Finally, for these notch radii, the average value of L provides better results than that obtained when using equation (20) . -As observed in steel S275JR, the predictions are also good in those cases with significant plasticity (e.g., 2.0 mm notch radius at higher temperatures). -In this material, the shape of the NMC obtained when using equation (20) is rather different to that obtained when considering the average value of L (see Figure 12 ). For low temperatures (-150ºC) within the temperature range considered, the average value provides more conservative predictions; for intermediate and high temperatures (-120 ºC and -100ºC, respectively), the average value provides better predictions of the apparent fracture toughness.
Therefore, the predictions of the NMC in steel S355J2 have also been good, although less accurate than those obtained in steel S275JR. Steel 355J2 presents a higher number of experimental results located below the curve associated to a 5% probability of failure, all these results being located at -150 ºC. The apparent fracture toughness results obtained at this temperature present a high scatter, and the MC itself also present a point below the 5% line.
CONCLUSIONS
This paper presents the concept of Notch-Master Curve for the analysis of the apparent fracture toughness (that observed in notched conditions) within the ductile-to-brittle transition zone of ferritic-pearlitic steels, which may be applied to both the design and operation stages of structural components. With this aim, firstly, both the Theory of Critical Distances and the Master Curve are presented as scientific and engineering tools for the analysis of, respectively, the notch effect and the fracture toughness evolution within the ductile-to-brittle transition zone. Both methodologies are combined here to provide the Notch-Master Curve, which allows the evolution of the apparent fracture toughness within the ductile-to-brittle transition zone of ferritic-pearltic steels to be predicted.
In order to validate the Notch Master Curve, an experimental program has been completed composed of 168 CT specimens, and covering six different notch radii (from 0 mm up to 2.0 mm) and two different steels (S275JR and S355J2). Both materials have been tested at three different temperatures within their corresponding transition zone.
The application of the Notch Master Curve to the experimental results has provided good results, especially in steel S275JR. Steel 355J2 has presented several unsafe predictions, but it has generally provided reasonable results.
Finally, the use of the average value of the critical distance along the ductile-to-brittle transition zone has generally provided better results than the critical distance value provided by fitting equations. 
